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I.  Introduction 


Development  of  techniques  for  beami  expansion  is  desirable 
to  obtain  a mode  match  between  the  output  of  a stripe  geometry 
^ laser  and  a multimode  fiber.  In  the  proposal,  it  was  sug- 

gested to  produce  waveguide  beam  expansion  by  a 45°  grating 
I ' beam  expander.  The  fabrication  of  such  a device  is  underway. 

However,  early  experiments  indicated  that  it  is  difficult  to 
' get  short  enough  coupling  lengths  and  high  enough  efficiencies 

' to  couple  conveniently  to  optical  fibers.  It  was,  therefore, 

advantageous  to  look  at  other  methods  of  expanding  the  beam. 

One  of  these  is  the  negative  waveguide  lens.  Calculations  des- 
cribed in  Section  II,  show  that  a negative  ^^raveguide  lens  can  be  de- 
signed with  sufficient  divergence  to  expand  the  beam  from  the 
narrow  dimension  of  the  stripe  geometry  laser  to  the  wide 
dimension  of  the  multi-mode  optical  fiber.  It  is  therefore 
suggested  that  a monolithically  integrated  laser  and  nega- 
tive waveguide  lens  can,  in  principle,  be  used  to  match  the 
mode  profile  of  the  multimode  optical  fiber.  This  device  is 
shown  in  Fig.  I-l. 

The  beam  expansion  will  take  place  on  the  same  substrate 
as  a monolithically  integrated  laser  source.  This  requires 

9 

developing  designs  for  a monolithically  integrated  laser.  In 
• the  proposal  we  suggested  using  non-planar  epitaxy  to 

develop  the  integrated  optics 
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Figure  I-l.  Monolithic  laser  source  including  negative  lens  waveguide 
to  expand  the  beam  to  fiber  optics  dimensions 


f monolithic  Integrated 


laser.  As  a result  of  this  year's  research,  we  have  decided 
to  use  planar  epitaxy  and  selective  chemical  etches.  These 
techniques  have  been  developed  at  Aerospace  Corporation  during 
the  past  year.  In  order  to  assure  the  feasibility  of  this 
technique,  a study  was  made  of  the  epilayer  structure  suit- 
able for  the  most  efficient  operation.  This 
requires  an  epilayer  design  in  which  light  is  coupled 
optimally  from  the  laser  waveguide  to  the  passive  waveguide. 

We  have  studied  this  problem  and  developed  an  epilayer 
design  which  is  described  in  Section  III  and  is  summarized 
in  Fig.  1-2. 

During  the  course  of  this  contract,  it  was  realized  that 
the  beam  expander/deflector  and  other  related  concepts  were 
applicable  to  the  important  problem  of  multimode  switching 
for  fiber  optics  applications  and  optical  signal  processing. 
This  resulted  in  successful  studies  of  the  use  of  feedback 
in  an  optical  switch  producing  bistability.  This  work  is 
reported  in  a paper  given  at  SPIE,  Technical  Symposium  East, 
included  as  section  IV,  and  also  in  a publication  in  Optics 
Letters,  included  as  a reprint  in  section  V.  Recently 
we  have  made  studies  of  the  time-dependence  of  these  switches, 
and  a preprint  of  this  research  is  included  as  section  VI. 

It  is  intended  that  research  continue  in  the  second  year  on 
LiNbO^  multimode  switches  for  fiber  optics  applications. 
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aluminum 

concentration  thickness 


Figure  1-2.  Optimized  active/passive  waveguide  layer  configuration 


Initial  efforts  to  fabricate  and  characterize  the 
beam  expansion  of  a 45°  grating  (Distributed  Bragg  Deflector 
or  DBD)  on  GaAs  were  made  at  Aerospace  Corporation  on  a 
subcontract.  Deflection  and  resulting  beam  expansion  were 
observed,  but  were  limited  by  the  inherent  weakness  of  the 
process  for  waveguides  with  a low  index  discontinuity. 

The  details  are  described  in  Section  VII.  Further  measure- 
ments will  be  made  in  the  coming  year  on  GaAlAs  waveguides 
in  which  the  effect  should  be  stronger. 
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II.  Beam  Expansion  with  Negative  VJaveguide  Lenses 


We  have  made  a study  of  the  possible  use  of  a negative 
waveguide  lens  for  beam  expansion  to  match  the  single  mode 
output  of  a stripe  geometry  laser  to  the  dimensions  of  a 
multimode  optical  fiber.  To  this  end,  consider  propagation 
of  a Gaussian  beam  through  a waveguide  with  a negative 
quadratic  height  profile. 

Consider  the  quadratic  waveguide  profile  shown  in 
Fig.  II-l.  We  shall  show  that  this  profile  acts  as  a 
negative  lens,  expanding  the  beam. 

We  wish  first  to  relate  the  properties  of  such  a v/aveguide 
to  those  with  a quadratic  index  variation.  This  can  be  done  in 
an  approximate  way  as  long  as  the  amount  of  curvature  is  small 
by  using  the  V parameter  of  Marcuse  to  describe  a waveguide. 

The  propagation  of  a guide  is  characterized  by  V=v4T' 2TTt/X, 
where  t is  the  waveguide  thickness  and  Ae  is  the  dielectric 
discontinuity.  It  can  be  seen  that  changes  in  t cause  a change 
in  V the  same  as  an  equivalent  change  in  the  square  root  of  the 
dielectric  discontinuity.  In  particular,  6Ae/Ae=26t/t. 

Let  us  consider  a quadratic  profile  to  the  dielectric 
constant  caused  by  a quadratic  waveguide  height  profile. 

Peff  = 1 + 2 d r^ 

^wg  w 2 

o 


P ^ 


Figure  II-l 


Waveguide  profile  for  negative  lens 
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We  have  defined  d=^^/t  at  the  beam  radius,  w^.  It  is 
this  positive  quadratic  change  of  effective  dielectric 
constant  which  causes  the  beaun  expansion. 

Assume  the  light  field  has  the  following  distribution: 

E=  exp  J-i  [p(z)  + JsQ(z)  r^  + kz]  | exp(+iwt) 

The  propagation  vector  in  the  waveguide  will  have  the  following 
form: 

2 2 2 9 

Ic  (r)  * k^  - k^k2r  where  k^=2T  and  k2='4nde/Xw^  . 
Then  the  wave  equation  inside  the  waveguide °becomes: 

Q^+k  O’  -k  k_  =0 
O O 2 

P'  = -iQ 
21^0 

Now,  define  q (z)  =kj/Q ( zjthen  this  quantity  transforms  by  the 
following  equation: 


q(z)  = Aq(0)  4 B 
Cq(0)  + D 


where 


A = cosh 


C = 2 B 


D = A 


These  are  the  same  expressions  as  in  Yariv  (Intro,  to  Optical 
Electronics  p.  39)  if  k2  in  his  expression  is  made  negative. 
Define^^  = f,  and  q(0)  = 

° 2 . 

Q{z)  = o = k ^^^o  ^ ^ = k_  f ifqQ  sinh  fz  + cosh  fz 

qTz ) Alq  4^0  o ^ o 

o iq  icosn  tz  + sinh  fz 
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To  obtain  the  beam  waist  at  any  point  in  this  negative  lens 


medium,  we  use  the  fact  that  o/ir 


Im  Q(z) 


= w (z)  We  therefore  calculate 


Im  Q (z)  = -fV 


Eq^)^cosh^fz  + sinh'fz 


This  gives  w^(z)  = w^^  jd  + fq)“^)  cosh^fz  -(fq)“^j 
Writing  (fq)  ^ {2ediT^  (w^/X^)  ^ ^ and  b = 2e6  (w^/X^)~^we  have 

w^=w^2  pi+a)  cosh^(bz/^^-  a)J  . 

Consider  nvunerically  a specific  case;  w-=5vJJ)  (single  mode  GaAs 


laser) 


then 


w /X  = 6 
o o 

« = 0.01 


e = 3.5 


a = 0.040 


b = 0.044 


This  is  shown  in  Fig.il-2.  In  addition,  curves  for  different 
quadratic  profiles  are  also  included.  It  is  to  be  observed  that 
within  a path  length  of  200  pm,  beam  expansion  from  a single  mode 
laser  stripe  size  (6  pm)  to  multimode  fiber  size  { 100pm)  is 

easily  achievable.  These  data  have  questionable  significance 
when  (w/w^)  1,  since  the  waveguide  curvature  is  no  longer  a 

small  perturbation.  This  limit  is  marked  by  the  dotted  line  on 
the  figure.  In  general  this  analysis  is  expected  to  be  accurate 
for  points  below  this  line. 

In  summary,  a negative  waveguide  lens  appears  theoretically 
to  be  a very  reasonable  way  to  achieve  beam  expansion  from  a 
single  mode  laser  to  a multimode  fiber. 
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Referring  to  the  design  shown  in  Fig.  1-2,  the  asym- 


metric AlAs  concentration  in  the  isolation  layers 
surrounding  the  active  region  has  several  advantages.  Most 
importantly,  this  allows  the  guided  wave  profile  in  the  laser  to 
match  that  in  the  passive  waveguide  region. 

This  can  be  seen  by  comparing  Figs.  III-l  and  III-2. 

In  Fig.  III-l,  the  field  profile  in  an  air/guide/substrate 
configuration  is  compared  with  that  in  a symmetric  embedded 
guide.  In  Fig.  1 1 1-2  the  field  profile  in  an  asymmetric  guide 
is  compared  with  that  of  the  same  waveguide  with  the  top 
layer  removed.  It  can  be  seen  that  the  asymmetric  structure 
has  a better  overlap. 

Calculations  have  been  made  of  the  mode  profiles  for 
the  four-layer  asymmetric  laser  mode  profile.  A typical 
example  is  shown  in  Fig.  I I I- 3.  The  fourth  layer  is  a thin 
localized  gain  region,  included  to  confine  the  carriers  and 
lower  the  threshold.  We  will  show  that  this  configuration 
has  a high  coupling  efficiency  and  reasonably  low  threshold. 

These  modes  were  calculated  in  the  usual  waveguide 
fashion  by  matching  boundary  conditions.  The  dielectric  dis- 
continuity between  layers  2 and  3 was  chosen  to  give  single 
mode  propagation  in  the  case  of  the  passive  waveguide.  Since 
these  layers  are  coTimon  between  the  laser  and  passive  waveguide 
regions,  they  are  determined  by  the  requirements  to  ensure  single 
mode  propagation  in  the  passive  waveguide  region.  It  turns  out 


aynunetrl 


Pigure-in-i  tm  mode  field  profiles  for  symmetric  waveguide,  and  for  same  waveguide 
with  the  top  layer  removed. 


3.485 


Figure  III-3  TM  mode  intensity  profiles  for  four-layer  asymmetric  laser,  and  for 
passive  waveguide  region  with  top  layers  removed 


- 

that  this  dielectric  discontinuity  enables  more  than  one  mode 
to  propagate  in  the  laser  region,  since  its  more  symmetric  structure 
has  a less  stringent  waveguide  cutoff  condition.  The  presence  of 

several  modes  in  the  laser  region  does  not  bother  us,  however,  since 
only  the  lowest  order  mode  couples  efficiently  into  the  single 

^ passive  waveguide  mode.  This  is  therefore  the  only  mode  which 

will  be  above  threshold  in  the  DBR  laser. 

• The  best  mode  matching  between  the  laser  and  passive 

waveguide  regions  would  be  a mode  in  which  very  little  optical 
power  is  carried  in  the  GaAs  layer  4.  This  would  make  the 

threshold  for  these  lasers  very  high,  however.  The  optimum 
design,  then,  is  a tradeoff  between  the  possible  increase  in 
threshold  and  possible  decrease  in  efficiency  due  to  mode  mis- 
match. Any  meaningful  analysis  then  requires  calculation  of  laser  ] 

threshold  for  any  configuration  of  interest  to  determine  if  the  | 

threshold  is  within  tolerable  values.  We  have  done  this,  following  j 

1 ] 
the  analysis  of  Thompson  , who  gives  an  empirical  equation  for  laser 

threshold  which  has  been  fit  to  experimental  data  of  similar  lasers. 

He  finds  that  the  fraction  of  light  in  the  active  region  may  be 

made  rather  small  without  increasing  the  threshold  unduly  if  the 

active  region  is  made  very  thin,  since  the  increase  in  carrier 

density  overcomes  the  decrease  in  optical  density. 

The  thickness  of  the  active  region  was  specified  at  O.OTym. 

This  is  the  thinnest  layer  we  have  grown  by  LPE  and  was  chosen 

as  a representative  target  thickness.  The  waveguide  modes 

were  solved  on  a programmable  calculator  for  varying  values  of 

'>  An^  and  An^*  of  the  calculations  was  to  determine  which 

1.  Thompson,  Henshall,  Whiteaway,  and  Kirkby,  JAP  4J7  (4),  1501 

(April  1976)  , 
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1 


values  of  these  dielectric  discontinuities  produced  mode  profiles 
which  best  matched  those  of  the  passive  waveguide  region, 

consistent  with  low  laser  threshold. 

The  laser  threshold  was  calculated  from  the  Thompson, 
et  al.  (eq.  3)  : 

2 

- 4000B  + 28B  (a  - j-  In  (^)  ) 1/f 

where 

B ■ thickness  of  active  region  in  um  (region  4) 

* .07  ym 

a * absorption  coefficient  in  cm 
= 10  cm 

f * fractional  power  in  the  active  region 
L » laser  length  = 0.05  cm. 

Although  this  equation  was  fit  to  experimental  5 - layer  LOC's 
the  fifth  layer  was  very  thin  (.lym).  Also,  their  theoretical 
analysis  of  the  optical  distribution  used  a 4-layer  LOC,  and  this 
equation  was  determined  to  be  valid. 

Our  calculations  showed  that  the  threshold  decreased  as  the 
power  in  the  active  region  increased.  This  occurred  for  de- 
creasing n^  or  increasing  n^.  As  the  power  in  the  active  region 
increased,  the  refractive  index  profile  approached  that  of  a 
symmetric  waveguide,  however,  and  the  coupling  efficiency  de- 
creased. The  best  design  was  therefore  a trade-off  between 
reduced  coupling  efficiency  and  increased  threshold. 
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The  aim  of  this  design  study  was  to  maximize  the  coupling  ] 
between  the  laser  mode  and  the  waveguide  mode,  consistent  with  low  I 

j 

threshold.  With  both  modes  known,  the  coupling  was  calculated  in  th^ 

following  way.  The  modes  in  the  laser  region,  Ej^(x),  were  expanded 

in  terms  of  the  modes  of  the  passive  waveguide  E„(x) . Thus, 

w 

®Lj  <*>  - »ji  ®Wi  <*> 

These  modes  include  both  the  waveguide  modes  and  the  continuum  modes. 
By  orthogonality, 


‘Ji  “ ®wi 


The  fraction  of  the  laser  power  which  is  coupled  into  the  | 
passive  waveguide  modes  is  calculated  differently  for  TE  and  TM  modes,! 
since  the  power  is  given  by  J" E^dx,  the  fraction  of  the  laser  power  in 
mode  j coupled  into  waveguide  mode  E^^  is  given  by 


For  TM  modes,  each  region  of  the  waveguide  must  be  weighted  by 

the  inverse  square  of  its  refractive  index.  The  power  is  given  by; 

2 2 

(1/n  )H  dx,  where  n is  considered  to  be  n(x)  and  to  have  the  appro- 
priate value  in  each  of  the  waveguide  layers.  Therefore,  the  fraction 
of  TM  power  coupled  from  laser  mode  j into  waveguide  mode  i is  given 
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( 5^^  ax 

* 7~  ‘‘wi^  dx 


After  the  mode  profiles  were  determined,  these  integrals  were 

evaluated  on  the  calculator  to  determine  the  coupling  coefficients. 

The  results  show  that  the  design  with  par2uneters  shown  in  Fig.  III-3 

2 

has  a TM  threshold  of  1.5  K eunps/cm  with  coupling  efficiency  of 

2 

88%.  The  TE  threshold  is  1.2  K amps/cm  with  a coupling  efficiency 
of  89%.  It  should  be  pointed  out  that  these  thresholds  are  for 
Fabry-Perot  lasers  and  will  be  much  the  same  for  DBR  lasers  if 
proper  grating  reflectivities  are  chosen. 

This  calculation,  coupled  with  the  properties  of  selective 
chemical  etches,  has  allowed  us  to  design  the  layer  structure 
shown  in  Fig.  1-2. 
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ABSTRACT 


L 


A review  of  bistable  optical  devices  is  given,  along  | 

with  a description  of  a new  class  of  devices  which  do  not  i 

i 

require  Fabry-Pero ts.  j 
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INTRODUCTION 


Electronically  controlled  optical  awl tehee  are  limited 
by  capacitance  and  therefore  have  the  speed  of  typical 
electronics.  Paster  switches  are  possible  if  optically 
controlled  optical  switches  can  be  designed.  Bistable 
optical  devices  are  one  particular  class  of  such  optically 
controlled  optical  switches.  From  the  demonstration  of 
bistability,  we  will  show  how  that  it  is  a straight* 
forward  extension  to  ultra-fast  optically  controlled  opti- 
cal circuits.  In  this  paper  we  shall  outline  the  concepts 
of  optically  controlled  optical  switches,  and  discuss  their 
embodiment  in  nonlinear  Pabry-Pero ts.  We  shall  then  discuss 
the  use  of  hybrid  electrical/optical  switches  and  show 
results  of  experiments  demonstrating  optical  bistability 
in  a hybrid  multimode  integrated  optics  switch. 

ALL-OPTICAL  SWITCHES 

Several  advantages  make  all-optical  switches  very 
attractive.  These  are  much  the  same  advantages  as  have 
been  identified  for  fiber  optics.  Ultra-fast  switching 
is  a key  advantage  and  makes  it  possible  to  envisage 
switching  which  is  not  capacitance  or  electron  transit- 
time limited.  All-optical  switches  would  have  the  same 
freedom  from  RF’  and  crosstalk  as  have  optical  fibers, 
and  would  also  allow  denser  packing  of  optical  switches 
than  possible  when  electrical  switching  networks  are  used. 

In  general,  optical  switching  will  utilize  either  three 
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or  four  port  switches,  as  shown  in  Figure  1.  The  control 
either  affects  the  transmission  of  a single  channel 
in  the  three  port  case,  or  switches  one  channel  between 
two  output  channels,  in  the  four  port  case.  The  three 
port  switch  acts  as  an  optical  triode,  with  a weak  control 
signal  acting  as  the  gate,  Vfhen  there  is  differential 
gain,  a small  control  signal  can  be  amplified  at  the  out- 
put port,  making  an  optical  transistor.  This  has  appli- 
cations for  optical  repeaters  and  in  situations  where 
signal  enhancement  is  required.  Other  applications  are 
pulse  shaping  and  optical  limiting.  The  four  port  switch, 
in  addition  to  providing  a means  of  switching  between  two 
output  channels,  allows  a number  of  logic  functions  to  be 
performed,  making  possible  optical  signal  processing  and 
computation.  If  the  two  input  channels  are  equivalent, 
the  all-optical  switch  makes  a high  speed  logic  gate  with 
many  potential  applications.  An  example  of  optical  logic 
gates  available  from  bistable  optical  devices  are  AND  and 
OR,  It  will  be  seen  that  the  bistable  device  has  either 
a high  transmission  mode  or  a low  transmission  mode,  de- 
pending on  the  input  power  level.  By  setting  the  appropriate 
discriminator  level  and  combining  the  two  input  ports,  the 
bistable  device  will  switch  from  low  to  high  transmission 
when  either  input  signal  is  present,  representing  an  OR. 

With  a lower  discriminator  level,  switching  will  take 

place  only  when  both  signals  are  present,  representing  an  AND. 
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More  complicated  logic  is  available  by  combining  these 
devices . 

To  produce  an  all-optical  switch,  one  optical  signal 
must  affect  the  transmission  of  another.  One  way  to  do 
this  is  to  use  a device  that  has  non-linear  optical 
properties.  We  will  show  that  a Pabry-Perot  in  a non- 
linear medium  can  make  an  optically  controlled  optical 
swi+ch  and  exhibits  bistability .( 1 ) The  non-linear  Pabry- 
Perot  is  shown  in  Pigure  2,  With  a good  quality  Pabry- 
Perot,  the  transmission  is  near  100?6  on  resonance  and 
otherwise  near  zero.  Resonance  is  determined  by  requiring 
that  the  optical  distance  between  mirrors  is  an  integral 
number  of  wavelengths.  That  is,  MX./(nQ  -f  n2  l)  « L, 
where  M is  an  integer  and  n » nQ  + n2  I is  the  non-linear 
refractive  index  and  L is  the  length.  When  the  Pabry- 
Perot  is  off- resonance,  the  light  is  reflected  from  the 
input  face  and  the  light  level  inside  the  Pabry-Perot 
is  low.  This  is  the  low  transmission  mode  of  operation 
for  the  non-linear  Pabry-Perot  switch. 

Consider  a weak  input  signal,  and  a Pabry-Perot  which 
is  off- resonance,  i.e.:  in  the  low'^'ransmission  mode.  As 
the  optical  signal  is  increased,  the  non-linear  refractive 
index  Increases  until  the  Pabry-Perot  goes  into  resonance. 
At  this  point,  the  device  switches  to  the  high  transmission 
mode,  and  the  transmitted  field,  (as  well  as  the  field 
inside  the  Pabry-Perot)  suddenly  increases.  This  behavior 
is  shown  in  Pigure  3 (increasing  power  direction).  As  the 
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intensity  is  slowly  decreased,  the  transmission  remains 
high,  since  the  Fahry-Perot  is  high,  and  the  cavity  remains 
on  resonance.  Eventually,  however,  the  non-linear  phase 
shift  is  no  longer  sufficient  to  keep  the  Fabry-Perot  on 
resonance,  and  the  device  suddenly  switches  to  the  off 
position.  This  is  bistable  operation  with  an  optical 
hysteresis,  (cf  Fig.  3). 

From  the  shape  of  Figure  3,  the  operation  of  the 
bistable  device  as  an  optical  switch  is  apparent.  Consider 
the  input  port  as  a holding  signal  with  I < iQ^t  while 
the  control  signal  is  superimposed  on  the  holding  signal. 

When  the  control  signal  I(2>  Iq2  “ Iq-j  "tbe  device  switches. 

If  the  holding  signal  operates  at  an  intensity  < I ^C2* 
the  bistable  device  has  a memory,  keeping  track  of  whether 
the  last  control  signal  was  a bit  (and  switched  the  device 
to  the  high  transmission  mode)  or  a zero  (keeping  the  device 
in  the  low  transmission  mode). 

By  tuning  the  Fabry-Perot,  the  distance  between  auid 
Iq2  ®siy  be  reduced  to  zero,  as  shown  in  Figure  3b.  In  this 
configuration  a weak  control  signal  may  cause  a large  change 
in  output  signal.  This  is  the  optical  transistor  with 
differential  optical  gain. 

Non-linear  Fabry-Perot' s have  been  studied  in  experi- 
mental configurations  utilizing  sodium  vapor  (2)  and  ruby  (3)t 
as  the  non-linear  cavity  medium.  Of  greatest  interest 
would  be  integrated  optics  version  of  such  a device. 
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Here  Vg  is  a bias  voltage  independent  of  P,  and<t'  is  "the  J 

conversion  factor  between  detected  optical  power  and  voltage. 
This  factor  includes  any  necessary  electronic  amplification,  j 
Writing  Vq  » al’o*  solve  the  implicit  equation  (2)  | 

for  P or  V by  plotting  the  intersections  of  the  straight 
lines  V/Vjj  with  the  transmission  curve  T(Vg  + V)  vs,  V, 
as  described  for  a non-linear  resonator  device  in  reference  (1). 
It  is  of  course  possible  to  solve  explicitly  for  P^  vs,  P, 
but  a construction  which  uses  the  familiar  transmission 
curve  T(V)  has  heuristic  value.  Whenever  there  are  several 
Intersections  (values  of  V or  P)  for  a given  slope  of  the 
intersecting  line  (value  of  or  P^)  then  it  is  possible  to 
construct  a multistable  optical  device.  The  device  will 
exhibit  a hysteresis  similar  to  that  observed  with  the 
non-linear  resonators  discussed  in  previous  work,  (4) 

In  fact,  the  hybrid  Fabry-Perot  devices  are  special  cases 
of  the  broader  class  described  here, 

A particularly  simple  realization  of  this  new  class 
of  devices  is  shown  in  Figure  5!  This  configuration  is 
based  upon  the  electro-optic  polarization  switch  whose 
transmission  in  the  ideal  case  is, 

T (V)  - i I 1-F  cos  (Y  ♦ Vg  + Vg)  Ajjl  (3) 
where  is  the  half-wave  voltage,  is  due  to  residual 
strain  birefringence  and  F=1  in  the  presence  of  a perfect 
null.  It  is  with  this  electro-optic  polarization  modulator 
that  we  have  demonstrated  bistability. 


However,  because  of  the  inherent  weakness  of  non-linear 
optical  effects,  such  non-linear  Pabry-Perot’ s require 
incident  optical  powers  of  the  order  MW/cm  , which  can 
be  difficult  to  achieve  in  sin  10  format.  In  order  to 
obtain  bistable  operation  at  lower  power  levels,  it  has 
been  suggested  (4)  that  an  "artificial  non-linearity" 
can  be  introduced  by  using  the  hybrid  electrical/optical 
device  shown  in  Figure  4.  In  this  case  the  Pabry-Perot 
is  filled  with  an  electro-optic  medium  with  transverse 
electrodes.  A portion  of  the  transmitted  signal  is 
detected,  amplified  and  fed  back  across  the  electro-optic 
medium.  This  voltage  controls  the  refractive  index  inside 
the  Pabry-Perot  and  causes  it  to  be  on  or  off  resonance 
in  a fashion  exactly  analogous  to  the  non-linear  Pabry-Perot. 
INCOHERENT  MIRROR-LESS  BISTABLE  OPTICAL  DEVICE 

In  a recent  advance  (5),  we  have  demonstrated  that  a 
Pabry-Perot  is  not  required  to  produce  bistability  in  a 
hybrid  electrical/optical  device.  In  fact,  a bistable 
switch  can  be  constructed  from  any  optical  switch,  whose 
transmission  is  a non-linear  function  T(V)  of  an  applied 
voltage  V.  The  optical  output  power  of  such  a switch  is; 

P - Pq  T (V)  (1) 

where  Pq  is  the  input  power.  If  the  output  is  detected, 
and  converted  into  a voltage,  V « which  is  fed  back 
to  the  switch,  then  the  transmitted  power  obeys 

PA*o  « T(Vb  ♦ «P).  (2) 
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The  modulator  used  In  this  experiment  was  a LlNbO^ 
c-cut  crystal  1x1  mm  and  2 cm  long  with  a half  wave  voltage 
of  260  V.  This  modulator  was  subject  to  voltage-dependent 
non-uniformities  of  the  local  electric  field.  As  a result 
the  transmission  curve  differed  from  the  ideal  form  and  is 
shown  in  Figure  6:  The  strain  bias,  Vg^was  60  V,  and  the 
null  was  10^  of  the  peak  transmission  value.  The  straight 
lines  in  Figure  5 correspond  to  the  graphical  solution  of 
equation  (2)  described  above  for  the  critical  input  powers 
at  which  the  device  switches  from  one  bistable  state  to 
the  other. 

Plots  of  light  intensity  out  as  a function  of  input 
light  intensity  are  shown  in  Figure  7 for  a number  of 
bias  voltages.  These  plots  show  the  range  of  operating 
voltages  over  which  hysteresis  and  bistability  occurs. 
Hysteresis  curves  can  be  generated  theoretically  from  the 
measured  transmission  curve  by  tracing  the  intersection 
of  straight  lines,  whose  slopes  are  the  inverse  of  the 
intensity,  with  the  transmission  curve.  Good  agreement 
is  obtained  between  the  shape  of  the  experimentally  measured 
hysteresis  curves  and  those  derived  from  such  a construction. 
From  such  construction,  it  can  be  seen  that  for  this  modulator 
bistability  ceases  for  bias  voltages  > -15V,  in  agreement 
with  measurements.  Under  optimum  switching  operation,  the 
ratio  of  light  transmitted  in  the  on  state  to  light  trans- 


mitted  in  the  off  state  is  ten  to  one.  Furthermore,  the 
hysteresis  occurs  over  a large  range  of  input  intensities 
and  bias  voltages,  making  it  easy  to  observe. 

Bistable  operation  was  dramatically  evident  in  the 
following  way.  With  a fixed  laser  intensity  incident  on 
the  device,  it  could  be  switched  from  the  low  to  the  high 
transmission  mode  by  shining  a flashlight  on  the  detector. 

The  increase  in  laser  transmission  was  quite  obvious,  and 
remained  high  indefinitely  when  the  flashlight  was  turned 
off.  When  the  incident  intensity  was  interrupted,  the 
transmission  returned  to  its  low  value.  This  mode  of 
operation  is  that  of  an  optical  triode,  with  the  flashlight 
an  incoherent  control  signal. 

The  experimental  apparatus  included  a multimode  0.5  mW 
HeNe  laser  source,  but  a conventional  light  source  could 
have  been  used  as  well.  The  modulator  was  an  electro-optic 
polarization  modulator,  but  could  have  been  any  device  with 
non-linear  transmission.  The  detector  used  to  provide 
feedback  tended  to  saturate  when  the  intensitjf  was  a 
maximum.  However,  this  non-linearity  did  not  interfere 
with  bistable  operation;  in  fact,  electronic  non-linearities 
may  be  used  to  enhance  bistability. 

If  the  switch  characteristic  T (V)  is  known  analytically, 
it  is  always  possible  to  obtain  an  analytic  expression  for 
the  bistable  transfer  wave  (P^  P) 

pQ  - P/T  (Vg  ♦ P).  (4) 


27 


The  critical  switching  powers  P.  are  the  values  of  at 
the  extrema  of  this  curve,  where 

dP^/dP  - 0.  (5) 

For  the  ideal  polarizer  described  by  equation  (3), 
this  condition  may  be  solved  simultaneously  with  (4)  to  give 
Vfi  - Vj^sin  (2Vj^/rVj,)  - ♦ i(V^.2F2  . (6) 

This  gives  the  relation  between  the  critical  field  » otP^ 

and  the  bias  voltage  Vg.  (There  are  many  pairs  of  bias 
voltages  for  each  critical  field  and  vice  versa).  Equations 
such  as  (6)  allow  accurate  estimation  of  device  operating 
parameters. 

The  elimination  of  resonators  is  an  important  advance 
when  integrated  optical  multistable  devices  are  considered, 
since  it  is  difficult  to  obtain  high  Q's  inside  optical 
waveguides.  With  the  knowledge  that  bistable  operation 
may  occur  with  any  non-linear  switch  or  modulator,  given 
feedback  from  the  transmitted  signal,  it  is  possible  to 
contruct  multistable  modulators  or  devices  using  a variety 
of  Integrated  optical  switches  such  as  directional  couplers, 
polarization  modulators,  mode  conversion  or  cutoff  modu- 
lators, and  beam  deflectors.  The  operating  powers  and 
switching  times  of  these  devices  will  be  similar  to  those 
of  the  hybrid  Pabry-Perot  device  described  by  Smith  and 
Turner.  The  integrated  optics  version  of  the  incoherent 
bistable  optical  device  appears  to  be  well-suited  for 
many  optical  processing  applications. 
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INTEGRATED  OPTICS  BISTABLE  MULTIMODE  OPTICAL  SWITCH 

In  order  to  demonstrate  a multimode  Integrated  optics 
▼ersion  of  the  bistable  device,  we  used  an  out^diffused 
LiNbO^  y-cut  waveguide  10/lm  deep,  with  electrodes  separated 
by  10  )VD,  to  provide  phase  modulation  for  the  IE  mode.  (6) 

This  was  converted  to  amplitude  modulation  by  interference 
with  unmodulated  light.  The  transmission  of  this  modulator 
as  a function  of  voltage  is  shown  in  Figure  8.  Because  of 
non- uni form! ties  in  the  incident  light  and  in  the  applied 
field,  the  transmission  was  not  a periodic  function  of  the 
voltage.  This  fact  is  useful  in  demonstrating  the  principle 
that  bistability  does  not  require  periodic  optical  switches. 

The  bistable  region  lies  between  the  straight  lines  in 
Figure  6,  which  correspond  to  the  graphical  solutions  of 
Equation  1,  described  above,  for  the  critical  input  powers 
at  which  the  device  ceases  to  be  bistable. 

Plots  of  light  intensity  out  as  a function  of  input 
light  intensity  are  shown  in  Figure  9 for  several  bias 
voltages  and  are  seen  to  have  sharper  switching  characteristics 
than  the  bulk  device. 

These  two  experiments  demonstrate  that  integrated 
optics  BOD'S  can  be  made  very  simply  and  compactly.  The 
concepts  presented  here  show  that  any  voltage-controlled 
modulator,  switch  or  beam  deflector  may  be  made  bistable. 

As  a result,  it  is  possible  to  design  integrated  optics 
BOD's  optimized  for  specific  applications.  This  includes 
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polarization- insensitive.  Incoherent  or  multimode  devices 
as  well  as  compact  single  mode  devices.  This  result  has 
important  implications  concerning  the  ultimate  usefulness 
and  versatility  of  these  devices. 
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FIGURE  CAPTIONS 


iv-1a)  Three  port  optical  switch 

iv-1b)  Four  port  optical  switch 

lV-2  ) Non-linear  Fahiy-Perot 

lv-3  ) Output  light  intensity  of  a non-linear  Fabry-Perot 
as  a function  of  input  light  intensity  for  two 
differently  tuned  cavities.  The  arrows  show  the 
path  taken  by  the  device  when  a slowly  varying  input 
pulse  is  applied. 

lv-4  ) Hybrid  electrical/optical  Non-linear  Fabry-Perot 

lV-5  ) Experimental  apparatus  for  the  incoherent  mirrorless 
bistable  optical  device  using  an  electro-optic 
polarization  modulator. 

iV-6  ) Transmission  is  a function  of  voltage  for  the  electro- 
optic  modulator  through  crossed  polarizer  and  analyzer. 
Straight  lines  represent  the  limits  of  bistable  operation 
for  Vg  « -120  V. 

iv-7  ) Light  out  of  the  bistable  device  as  a function  of  the 
li^t  in,  for  a number  of  bias  voltages,  demonstrating 
hysteresis  characteristic  of  bistable  operation. 

lv-8  ) Transmission  of  waveguide  switch  as  a function  of 
applied  voltage. 

IV- 9 ) Output  intensity  vs.  input  intensity  with  bistable 
waveguide  switch  for  different  bias  voltages. 
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Experimental  apparatus  for  the  incoherent  mirrorless 
bistable  optical  device  using  an  electro-optic 
polarization  modulator. 


Figure  IV-7.  Light  out  of  the  bistable  device  as  a function  of  the 
light  in,  for  a number  of  bias  voltages,  demonstrating 
hysteresis  characteristic  of  bistable  operation. 
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Figure  IV-8.  Transmission  of  waveguide  switch  as 
a function  of  applied  voltage. 
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A multimode  integrated  optical  bistable  switch  using  a IJNbOs  phase  modulator  in  a noncavity  configuration  was 
constructed  and  tested.  Bistability  and  discriminator  operation  were  observed  in  this  device  using  a He-Ne 
laser. 


Bistable  optical  devices  (BOD’s)  have  been  suggested 
for  many  optical  device  applications,  including  optical 
switching,  optical  memory,  binary  logic,  discrimination, 
amplification,  clipping,  limiting,  and  pulse  shaping. ' 
The  first  bistable  optical  devices  were  Fabry-Perot 
interferometers  containing  a saturable  absorber.'-^ 
This  configuration  proved  difficult  to  implement  ex- 
perimentally, and  the  first  actual  observations  of  bis- 
tability'* were  in  Fabry-Perots  containing  a medium 
with  a nonlinear  refractive  index.  Subsequently,  Smith 
and  Turner’  demonstrated  that  the  nonlinearity  could 
be  induced  at  low  light  level  by  feeding  back  to  an 
electro-optic  element  in  the  cavity  a signal  proportional 
to  the  output  of  the  cavity,  creating  thereby  an  artificial 
nonlinear  refractive  index. 

All  the  devices  considered  so  far  have  required  a 
single-mode  laser,  since  all  have  utilized  Fabry-Perot 
cavities.  In  a recent  paper,'^  we  demonstrate  that, 
when  electrical  feedback  is  employed,  the  Fabry-  Perot 
cavity  is  not  required.  It  is  therefore  possible  to  make 
bistable  optical  devices  from  any  optical  element  with 
a nonlinear  transmission  as  a function  of  applied  voltage 
by  feeding  back  an  electrical  signal  proportional  to  the 
detected  intensity.  These  devices  obey  the  following 
equation  for  the  transmitted  power: 

P = PoT(P«-boP),  (1) 

where  P and  Po  are  transmitted  and  incident  intensity, 
respectively,  T(V)  is  the  transmission  function,  V«  is 
a bias  voltage  independent  of  P,  and  o is  the  feedback 
proportionality  constant.  A macroscopic  LiNbO.i  po- 
larization modulator  with  feedback  from  the  detector 
to  the  modulator  electrodes  served  as  the  experimental 
verification  of  the  broad  range  of  devices  that  fall  into 
this  category. 

We  have  demonstrated  that  all  BCD’s  require  some 
sort  of  feedback;  this  may  be  optical  or  electrical,  hut 
it  need  not  be  both.  When  electrical  feedback  is 
available,  the  use  of  a Fabry-Perot  is  not  required. 
Although  the  resonance  of  the  Fabry-Perot  decreases 
the  optical  power  required  to  switch  the  device,  the 
switching  time  is  increased  by  the  time  required  for  the 


field  to  build  up  inside  the  cavity.  Since  the  sensitivity 
of  the  detector  or  the  use  of  an  amplifier  in  the  electrical 
feedback  loop  makes  possible  switching  at  low  incident 
intensities,  the  need  for  a Fabry-Perot  is  obviated.  An 
additional  disadvantage  of  using  a Fabry-Perot  is  the 
problem  of  reflected  light  coupling  back  into  the  laser 
and  the  need,  therefore,  to  incorporate  an  optical  iso- 
lator. For  all  these  reasons,  using  the  mirrorless  bi- 
stable optical  switch  has  many  advantages  over  using 
a Fabry-Perot. 

In  this  Letter  we  extend  this  concept  to  an  integrated 
optical  multimode  bistable  optical  device.  Inte- 
grated-optics versions  of  bistable  optical  devices  using 
the  Fabry-Perot  configuration  have  been  reported.®  In 
addition,  a single-mode  mirrorless  device  using  0 re- 
versal-directional coupler  switch  has  been  reported.® 
This  is  the  the  first  report  of  a multimode  integrated 
optics  BOD  that  will  have  applications  in  fiber  optics 
and  other  multimode  systems.  This  hybrid  electri- 
cal-optical device  uses  electrical  feedback  from  a de- 
tector to  a multimode  electro-optical  waveguide  mod- 
ulator to  achieve  bistability.  The  device  will  be  de- 
scribed and  performance  data  presented. 

The  lO-^m-deep  waveguide  was  formed  by  out-dif- 
fusion in  y-cut  LiNbOa,  and  electrodes  separated  by  10 
Mm  provided  phase  modulation  for  the  TE  mode.  In- 
terference with  unmodulated  light  converted  the  phase 
modulation  into  amplitude  modulation.  The  experi- 
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LiNbOi  HOOULATOR 


Fig.  I.  Integrated-optics  mirrorless  bistable  optical  device 
using  a waveguide  LiNbO:<  phase  modulator  with  an  active 
length  of  2 mm. 
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Fig.  2.  Transmission  of  LiNbOs  modulator  as  a function  of 
applied  voltage.  Vertical  scale  in  arbitrary  units. 


Fig.  3.  Output  intensity  versus  input  intensity  for  different 
bias  voltages. 


mental  setup  is  shown  in  Fig.  1.  A 0.5-mW  He-Ne  laser 
was  coupled  into  the  waveguide  with  a microscope  ob- 
jective and  the  output  beam  refocused  on  an  aperture 
in  front  of  the  detector.  The  transmission  of  the 
modulator  as  a function  of  applied  voltage  is  shown  in 
Fig.  2.  The  length  of  the  mr^ulator  was  only  2 mm; 
hence  the  relatively  large  voltages. 

Because  of  nonuniformities  in  the  incident  light  and 
in  the  applied  field,  the  transmission  was  not  a periodic 
function  of  the  voltage.  This  fact  is  useful  in  demon- 
strating the  principle  that  bistability  does  not  require 
periodic  optical  switches.  The  bistable  region  lies  be- 
tween the  straight  lines  in  Fig.  2,  which  correspond  to 
the  graphical  solutions'’  of  Eq.  (1),  for  the  critical  input 
powers  at  which  the  device  ceases  to  be  bistable.  A 
periodic  switch  would  have  been  multistable,  with  a 
bistable  region  associated  with  each  peak  of  the  trans- 
mission curve. 

Plots  of  output  light  intensity  as  a function  of  input 
light  intensity  for  several  bias  voltages  are  shown  in  Fig. 
3.  These  plots  show  the  range  of  operating  voltages 
over  which  hysteresis  and  bistability  occur.  Hysteresis 
curves  can  be  generated  theoretically  from  the  measured 
transmission  curve  by  the  graphical  method  described 
in  Ref.  7.  Good  agreement  is  obtained  between  the 


shape  of  experimentally  measure^  hysteresis  curves  and 
those  derived  from  such  a construction.  Under  opti- 
mum switching  operation,  the  ratio  of  light  transmitted 
in  the  on  state  to  light  transmitted  in  the  off  state  is 
greater  than  ten  to  one.  Furthermore,  the  hysteresis 
occurs  over  a large  range  of  input  intensities  and  bias 
voltages,  making  it  easy  to  observe. 

It  is  of  interest  to  compare  these  hysteresis  curves 
with  those  of  t he  bulk  mtxlulator  previously  published'’ 
and  to  notice  that  the  integrated -optics  version  has 
much  sharper  switching  action.  The  lack  of  sharp 
cutoff  switching  in  the  bulk  device  was  due  in  part  to  the 
particular  shape  of  the  transmission  function  and  in 
part  to  a long  time  constant  arising  from  the  large  ca- 
pacitance of  the  bulk  device. 

The  integrated-optics  version  demonstrates  a region 
of  differential  amplification  or  optical-transistor  action 
when  the  critical  on  and  off  voltages  slightly  merge 
(55-V  bias,  as  seen  in  F'ig.  3).  At  bias  voltages  slightly 
larger  than  this,  the  integrated -optics  BOD  makes  an 
excellent  discriminator. 

The  integrated -optics  modulator  was  only  2 mm  long. 
This  is  an  order  of  magnitude  smaller  than  the  bulk 
modulator.  Such  a waveguide  bistable  switch  can  be 
made  as  small  as  desired,  limited  only  by  the  voltage 
that  can  be  applied.  On  the  other  hand,  much  lower 
switching  voltages  may  be  used  with  long  modulators. 

A fully  integrated  version  of  the  multimode  bistable 
optical  switch  would  include  a detector  integrated  onto 
the  modulator.  A device  fabricated  in  this  fashion 
would  have  switching  times  even  faster  than  those 
quoted  by  Smith  and  Turner,'^  ® since  there  is  no  time 
needed  for  the  field  to  build  up  in  a Fabry-Perot  reso- 
nator. 

The  integrated -optics  bistable  switch  we  report  here 
is  a three-port  switch.  However,  a multimode  four-port 
switch  can  be  built  using  a polarization  modulator  and 
an  integrated-optics  analyzer. 

The  data  and  concepts  presented  here  show  the  fea- 
sibility of  multimode-waveguide  bistable  optical  de- 
vices. In  fact,  any  modulator,  switch,  or  beam  deflector 
can  be  made  bistable  with  appropriate  feedback.  The 
device  described  herein  was  certainly  not  optimized  for 
this  experiment,  but  bistability  was  easily  observed.  As 
a result,  it  should  be  possible  to  design  integrated -optics 
BCD’s  for  specific  applications.  This  includes  polar- 
ization-insensitive, incoherent,  or  multimode  devices 
as  well  as  compact  single-mode  devices.  This  result  has 
important  implications  concerning  the  ultimate  use- 
fulness and  versatility  of  these  devices. 

This  research  was  sponsored  by  RADC/ETSO, 
Hanscom  Air  Force  Base,  Massachusetts. 
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ABSTRACT 

The  response  of  a hybrid  bistable  optical  device  to 
step  inputs  of  light  was  studied  experimentally.  The 
results  confirm  theoretical  predictions  concerning  the 
dependence  of  switchina  time  on  the  applied  light  incre- 
ment. For  the  first  time  the  phenomenon  of  "critical 
slowing  down"  is  observed  directly. 
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TRANSIENT  RESPONSE  OF  HYBRID  BISTABLE  OPTICAL  DEVICES 


E.  Garmire,  J.H.  Marburger,  S.D.  Allen  and  H.G.  Winful 

Center  for  Laser  Studies 

University  of  Southern  California,  University  Park 
Los  Angeles,  California  90007 

Bistable  optical  devices  (BOD)  have  important  techno- 
logical significance  for  many  applications  including  optical 
communications  and  optical  signal  processing.  They  can 
function  as  differential  amplifiers,  switches,  limiters, 
clippers  and  regenerative  oscillators.  Several  different 

realizations  of  bistable  optical  devices  have  been  demonstrated 
1-4 

recently  . These  fall  into  two  broad  classes:  the  all-optical 
devices  and  the  hybrid  variety  which  combines  optical  and 
electronic  elements.  In  both  cases  the  steady  state  properties 
have  been  studied  extensively.  Relatively  little  work,  however, 
has  been  done  on  their  transient  behaviour.  In  this  letter,  we 
revv  I . the  results  of  a detailed  study  of  the  dynamics  of  a 
hybrid  bistable  optical  device.  The  experimental  results  con- 
firm theoretical  predictions  concerning  the  dependence  of 
switching  time  on  the  applied  light  increment.  For  the  first 
time,  the  phenomenon  of  "critical  slowing  down"  which  limits 
the  switching  speed  is  observed  directly. 

The  lengthening  of  switching  time  near  the  critical  input 
intensity  was  predicted  theoretically  by  Bonifacio  and  Lugiato^ 
in  an  analysis  of  two-level  atoms  within  a Fabry-Perot 
resonator.  In  another  tine-dependent  study,  McCall®  discussed 
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the  possibility  of  regenerative  oscillations  in  a BOD. 

7 

Recently  Bischofberger  and  Shen  studied  the  transient 
behaviour  of  a Fabry-Perot  resonator  filled  with  a Kerr 
medium.  They  measured  transmitted  pulse  distortion  to 
infer  the  transient  properties  of  the  system.  In  our 
experiments,  v/e  investigate  the  response  of  a hybrid  BOD 
to  step  inputs  of  light  using  a 0.5  mVJ  cw  HeNe  laser.  The 
time  constants  of  our  system  are  determined  electronically 
and  can  be  varied  easily. 

Figure  la  shows  the  experimental  configuration  drawn 
to  emphasize  the  functional  similarity  between  electrical 
and  optical  signals.  It  consists  of  a Pockels  cell 
modulator  M driven  by  the  output  of  a photoconductor  PC  and 
is  described  in  detail  in  Ref.  3.  For  these  transient 
response  studies,  a capacitor  C has  been  added  across  the 
load  resistor.  Fig.  lb  shows  the  steady  state  transfer  curve 
(intensity  out  vs.  intensity  in)  with  axes  labelled  in  voltage 
units.  This  transfer  curve  was  measured  for  a modulator 
whose  transmission  T(V)  was  that  shown  in  the  inset  and  could 
be  described  approximately  by 

T(V)  = Js  I 1 - 0.6  cos  {tt(V  + 40)/220}  | . (1) 

On  the  transfer  curve  in  Fig.  lb  are  shown  V and  V , the 

ac  oc 
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critical  input  for  switching  and  the  critical  output  just 

before  switching.  The  aim  of  this  paper  is  to  study  the 

transient  response  versus  the  switching  increment 

V = (V.  - V )/V  , where  V.  is  the  incident  intensity 

in  ac  ac  in 

in  voltage  units.  The  arrows  on  the  transfer  curve  indicate 
the  values  of  actually  used  in  the  experiment. 

The  transient  response  of  bistable  optical  devices  is 
governed  by  two  sources  of  delay:  1)  response  time  of  the 
output  voltage  to  changes  in  input  signal,  and  2)  response 
time  control  voltage  to  changes  in  output  voltage. 

In  an  all-optical  device  employing  Fabry-Perot  interferometer, 
includes  cavity  buildup  time  and  Xj  includes  the  response 
time  of  the  nonlinear  index.  In  our  mirror less  hybrid  device, 
Xj^  is  the  response  time  of  the  detector  current,  and  ^2 
that  of  the  circuitry  driving  the  Pockels  voltage.  Using  a 
simple  relaxation  equation  for  each  contribution  leads  to  the 
general  equation 

’1  ’2  ♦ <’1  *’2>  = ''in  T (V  + Vg)  - V (2) 

for  the  variable  part  of  the  control  voltage  (primes  are 
time  derivatives)  . We  emphasize  that  this  form  is  an  approx- 
imate model  for  all  types  of  nonresonant  bistable  devices. 

It  gives  the  qualitative  features  observed  in  the  experiments 

7 

of  Bischofberger  and  Shen  , and  admits  analytical  estimates 
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of  device  behavior.  Furthermore,  it  can  be  shown  that  this 
equation  describes  exactly  the  hybrid  electrical  - optical 
circuit  shown  in  Fig.  la. 


In  our  experiments,  the  time  constant  T2  is  essentially 

that  of  the  detector  load,  and  v;as  chosen  to  be  0.2  sec. 

-2  . . 

The  detector  rise  time  was  - 10  sec.  The  incident 

intensity  was  suddenly  stepped  to  a value  given  by 

and  the  output  intensity  was  observed  on  a chart  recorder 

as  a function  of  time.  Fig.  2a  shows  1^^^  vs. 

time  for  three  values  of  switching  increment  . Notice  the 

overshoots  for  large  v,  and  the  nonlinear  slowing  down  for 

small  V.  Theoretical  curves  obtained  from  Fqs  (1)  and  (2) 

with  experimental  values  of  the  parameters  are  shown  in 

Fig.  2b.  Agreement  is  good  to  within  experimental  error. 

The  BOD  response  time  t,  defined  as  the  time  required 

for  the  output  to  reach  1/e  of  the  steady  state  value, 

is  a decreasing  function  of  v.  In  Fig.  3 are  shown  the 

experimentally  determined  values  of  t vs.  v.  The  theoretical 

curve  in  this  figure  was  obtained  from  F.q.  (2)  by  ignoring 

the  first  term,  an  approximation  which  is  excellent  when 

considering  the  slow  change  of  the  system  as  it  turns  on 

oast  the  "nose”  at  (V  ,V  ) in  Fia.  lb.  The  resulting 
* ac  ' oc 

first  order  equation  can  be  integrated  approximately  by 
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replacing  the  right  side  of  Eq.  (2)  by  a polynomial  P (V) . 

Then  the  integral  of  1/P(V)  passes  near  a pole  in  the  complex 
V plane  corresponding  to  the  nose  in  Fig.  lb.  For  switching 
increments  small  relative  to  the  distance  to  the  next  nose, 
only  this  pole  need  be  kept  to  describe  accurately  the  nose 
region.  Keeping  also  the  pole  corresponding  to  the 
switched-on  steady  state,  one  may  integrate  to  find  the 
effective  response  time 

t/t2  = + 2k  v"**  { A (1+v)  -v}"** 

where  A = 2T  " V V , T^"  = T" (V  ) , and  T is  evaluated 
o oc  ac  o oc 

at  the  switched-on  steady  state.  Exact  numerical  integration 
of  Eq.  (2)  indicates  that  Eq.  (3)  is  accurate  to  within  10% 
for  our  parameters.  Furthermore,  for  the  switching  intensities 
of  interest,  the  first  term  in  Eq.  (3)  represents  a linear 
response  time  which  is  much  smaller  than  the  second  term  and 
hence  can  be  neglected. 

Eq.  (3)  and  Fig.  3 indicate  that  the  response  time 
diverges  for  small  v.  This  is  the  "critical  slowing  doim” 
phenomenon.  As  the  switching  increment  increases,  the  response 
time  approaches  that  of  the  circuit  time  constant. 

The  energy  in  a pulse  required  t itch  the  BOD  is 

proportional  to  the  product  of  the  switching  intensity  and 
the  effective  switching  time  t.  Frosi  Eq.  (3),  we  find  that 
the  switching  energy  is 
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(4) 


E = V.  T = 2nv  ^ { A(l+v)  - v}  ^ V.  T~. 
in  in  2 

Equation  (4)  shows  that  the  switching  energy  tends  to  infinity 
as  V -*■  0,  i.e.  near  the  minimum  intensity  required  for 
switching.  As  the  switching  level  decreases  to  less  than 
twice  the  minimum  switching  intensity  ( v < 1 ) , not  only  does 
the  switching  time  increase  (critical  slowing  down) , but 
the  switching  energy  increases.  This  means  that  the  energy 
which  is  estimated  from  steady  state  considerations,  as  done 
for  example  in  Ref.  8,  is  not  accurate  at  these  switching 
levels. 

For  2Vg^,  the  switching  energy  decreases  rapidly 

to  an  asymptotic  value, 

E = 2n  (A  - 1)"^  T-  (5) 

ac  2 


Clearly  the  switching  energy  can  be  minimized  by  increasing  A. 

In  order  to  obtain  a physical  picture  for  A,  consider  the 
case  of  a sinusoidal  modulator,  where 

T(V)  = *5  { 1 - Fcos  (V  + Vg)  } . 


In  this  case 


A = 2 V Tan“^(V  + V„) 
oc  oc  B 


(6) 


It  can  be  shown  that  this  quantity  is  a rapidly  increasing 
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function  of  the  extinction  factor  F.  Thus,  to  minimize  the 
switching  energy,  it  is  necessary  to  use  devices  with  high 
extinction  ratios.  In  practice,  however,  large  values  of  F 
have  the  disadvantage  of  requiring  high  switching  intensities. 
For  any  given  application,  there  will  be  an  optimum  value  of 
F , and  Eq.  (5)  will  give  the  switching  energy  for  this  value. 

In  conclusion,  we  have  studied  the  transient  behaviour 
of  a hybrid  BOD  and  confirmed  the  critical  slowing  down  which 
limits  the  response  time  and  increases  the  switching  energy 
at  low  input  intensities.  Higher  input  intensities  ensure 
faster  response  times  and  lower  switching  energies. 

The  authors  gratefully  acknowledge  Albert  Chen  for 
assistance  with  the  experiments.  This  work  was  sponsored  in 
part  by  RADC,  Hanscom  Air  Force  Base,  Mass,  and  in  part  by 
AFOSR. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


(a)  Simplified  schematic  of  a hybrid  bistable  optical 
device.  M = modulator,  PC  = photoconductor, 

Vg  = bias  voltage. 

(b)  Measured  steady  state  transfer  curve  using 
modulator  whose  transmission  as  a function  of 
voltage  is  shown  in  the  inset. 

(a)  Experimental  curves  showing  BOD  output  as  a 
function  of  time  for  three  different  step 
inputs.  The  values  of  the  incremental  switching 
intensity  are  A)  v = 4.6  B)  v=  1.4  C)  v=  .03 

(b)  Theoretical  curves  of  output  signal  vs.  time^ 
generated  by  solving  Eq.  (2)  with  incremental 
switching  intensities  of 

A)  V = 4.6  B)  V = 1.0  C)  V = .01 

Characteristic  switching  time  versus  increment  of 
input  switching  signal  beyond  critical  value.  The 
theoretical  plot  was  obtained  from  Eq.  (2). 
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Figure  1-a.  Simplified  schematic  of  a hybrid  bistable  optical 
device.  M = modulator,  PC  = photoconductor, 

V = bias  voltage. 


Figure  1-b.  Measured  steady  state  transfer  curve  using  modulator 

whose  transmission  as  a function  of  voltage  is  shown  in  the  insert 
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THEORETICAL 


VII.  Measurements  of  Beam  Deflection  and  Expansion 
Our  efforts  to  fabricate  the  first  DBD’s  were  successful;  our  efforts  to  characterize 
their  attenuation  coefficients  were  only  partially  successful.  A 90°  DBD  typical  of  those 
produced  is  shown  in  Fig.  1 All  DBD's  were  fabricated  on  1-1.5  ;/m  thick  GaAs  (~10^^  n- 
type)  waveguides  grown  by  vapor  phase  epitaxy  on  heavily  doped  (6  x 10^®  n-type)  GaAs 
substrates.  The  DBD  grating  was  made  by  replicating,  via  ion  beam  matching,  a photo- 
resist mask  into  the  waveguide  surface.  Since  the  DBD  functioned  as  a coherent  Bragg 
scatterer,  particuleu*  attention  had  to  be  paid  to  the  grating  period  and  its  orientation  with 
respect  to  the  input  crystal  facet.  For  a 90°  DBD,  the  optimal  grating  orientation  with 
respect  to  the  input  facet  was,  of  course,  always  45°.  The  grating  period,  however,  was  a 
critical  function  of  the  propagation  constant  of  the  DBD  waveguide  and  (for  the 

interaction  lengths  (~  3-4  mm)  and  input  beam  widths  (~  70  /xm)  used)  had  to  be  specified 

4 . 

to  within  one  part  in  10  . In  our  experiments  such  accuracy  was  obtained  by  measuring 
the  extraction  angle  of  an  output  coupler  fabricated  on  a waveguide  identical  in 
composition  and  thickness  to  the  waveguide  upon  which  the  DBD  was  to  be  fabricated. 

The  experimental  set-up  used  to  make  this  measurement  is  shown  in  Fig.  2 Knowledge  of  I 

4 

the  output  coupler  period  to  one  part  in  10  allowed  determination  of  the  guided-wave 
propagation  constant,  3,  to  similar  accuracy  according  to; 

/?  = (2x/A  ) + (2x/X)  cos  0,  (1) 

where  A was  the  output  coupler  period,  X was  the  free-space  measurement  wave- 
length  and  6 was  the  output  extraction  angle.  Once  $ was  known,  the  requisite  DBD 
grating  period,  Aj^  g , for  second  order  90°  deflection  was  given  by: 

<2) 
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It  was  our  intention  to  infer  a given  DBD  attenuation  coefficient  by  examining  a 

semi-logarithmic  plot  of  the  deflected  beam,  near-field  pattern.  Our  attempts  to  follow 

this  procedure,  however,  were  frustrated  by  the  inherent  weakness  of  the  deflection 

process  for  the  type  of  GaAs  on  n^-GaAs  waveguides  used.  The  free-carrier,  plasma 

depression  effect  responsible  for  the  guide/substrate  index  discontinuity  was  simply  not 

great  enough  to  simulate,  adequately,  the  large  refractive  index  discontinuities  available 

with  the  GaAlAs  waveguides  which  would  ultimately  be  used.  Partial  solution  to  this 

problem  (pending  growth  of  suitable  GaAlAs  waveguides)  was  obtained  by  noting  that  the 

DBD  attenuation  coefficient  varied  as  (n2  - n^  ) where  n^  was  the  real  part  of  the 

superstrata  refractive  index  (normally  equal  to  1 for  air)  and  ng  was  the  waveguide 

refractive  index.  By  choosing  a metallic  superstrata  such  as  aluminum,  therefore,  for 
2 

which  nj  = -69,  a substantial  increase  in  DBD  deflection  efficiency  was  expected  and, 
indeed,  observed. 

Figures  .3a  and  3b  show  linear  and  semi-logarithmic  plots  of  a deflected  beam, 
near-field  pattern  obtained  from  an  aluminum  coated  DBD.  Ideally,  the  semi-logarithmic 
plot  should  have  been  a straight  line  whose  slope  equaled  the  DBD  attenuation  coefficient. 
Unfortunately,  however,  the  aluminum  overlayer,  through  its  imaginary  refractive  index 
component,  led  to  mode  conversion  and  ohmic  loss  effects,  which  prevented  observation 
of  the  desired  phenomenal  While  accurate  measurement  of  the  DBD  attenuation 
coefficients  could  not,  therefore,  be  obtained  from  these  devices,  data  relating  deflection 
efficiency  to  input  beam  angle-of-incidence  was  obtained.  This  data,  shown  in  Fig.  4,  was 
used  to  corroborate  theoretical  estimates  of  angular  sensitivity  and  grating  period/orien- 
tation tolerances. 
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Fig.  2 Top  (a)  and  cross  sectional  (b)  views 
of  output  grating  coupler  used  to 
measure  waveguide  propagation  con- 
stant, fi. 
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